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Pressurewavesareknowntobe generatedat a flame.frentwhenever
thereisa changeintheflsmespeedor theheatingvalueor densityof
a combustiblemixture.Itis shownthatifthespecific-heatsratio 7
oftheburnedandunburnedgaes are the ssme, the pressurewavesgener-
atedattheflsmefrontarereallycausedby a changeintherateofheat
releaseattheflame.Inthematterofgenerationofpressurewaves,
therefore,a flamebehavesessentiallylikea
a flameanda heateris thencomparedandthe
twosxedynamicallyequivalentaxestated.

INTRODUCTION

heater.-Theperfoman~eof
conditionsunderwhichthe

Whena flamefrentexperiencesa changein theflsmespeedora
changeintheheatingvalueor densityofthemixtureitconsumes,pres-
surewavesaregenerated.Fora pls.neflamefrent,lxofamiliesof
pressurewavesofessentiallythesamestrengthareproduced,onepropa-
gatingintothefreshcombustiblemixtureandtheotherpropagatinginto
theburnedgas. Thestrengthofthepressurewavesgeneratedhasbeen
calculated(ref.1). Thesepressurewavesplayan importantrolein the
explanationofmanywavephenomenaassociatedwiththeflame,suchas
flsmeoscillationandthedevelopmentofdetonationwaves.

Inreference1,theanalysisisprincipallyofa mathematicalnature.
No discussionordemonstrationisgivento showthemechanisminvolvedin
thegenerationof‘thepressurewaves.Inthisreport,it is shownthat
thepressurewavesgeneratedattheflamefrontasa resultofchangesin
theflsmespeed,heatingvalue,density,andsoforthcanbe attributedtd
a changeintherateofheatreleaseattheflamefront.Consequently,
thesepressurewavesaregeneratedasa resultofthechangesin therate
ofexpansionof theburnedgasbehindtheflamefront.

Pressurewavesgeneratedby theexpansionofa heatedgashavebeen
previouslyinvestigatedby severalauthorsinconnectionwithdifferent
problems.Taylor(ref.2) inhisstudyoftheblastgeneratedby an
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atomicexplosionexamined
ofa largesmountofheat

theflowfieldgeneratedby the
ata pointin space.Lin(ref.

ssmeproblemforthetwo-dhensionalcasesndappliedthe

NACATN3683

instantrelease
3) solvedthe -.
resultto the

discussionofshockwavesgeneratedby thunderboltsandbymeteorsor
missilesmovingathypersonicspeeds.Wu (ref.4)studiedthelinearized -
theoryofpressurewavesgeneratedby heatrelease,takingintoaccount
boththecompressibilityeffectsandtheheatconductivity.Chu(ref.5)
examinedthepressurewavesproducedby heatadditionata constantrate
intubesandat a parabolicratein spaceandappliedtheresultsto the
shockwavessustainedby a uniformlyexpsndlngflamefront.

Theauthorwouldliketo thankDrs.FrancisH.Clauser@d Leslie
S.G.Kov&sznayfor%heirinterestandencouragementinthisresearch.
Theassistanceofllr;RichardHsiehinthepreparationofthemanuscript
isgratefullyappreciated.Thisresearchwasconducted.attheIkpsrbnent
ofAeronauticsofTheJohusHopkinsUniversityunderthesponsorshipand
withthefinancialassistanceoftheNationalAdvisoryComittee’for
Aeronautics.
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A operator

6 operator

Y ratioof

P density

3

signif@ng“finiteficremeptof”

signifying“smdd.changeof”

CP

u.) rateofheat

Subscripts1 and2
ofandbehindtheflame

tospecificheatat constantvolume

releaseperunitflame(orheater)axea

indicate,respectinly,conditionsofflowahead
(or

MECHANISMOF

theheater). .

GENEMTIONOFPRESSUREWAV&

Letus considera planeflamefrontpropagatingintoa.combustible
mixture.A flamefrontconsideredas a surfaceof discontinuityis char-
acterizedby itsspeedofpropagationrelativeto thecombustiblemedium
(i.e.,theflamespeedSt)andby theaount ofheatitreleasesper
@t massofthefreshmixtureitconsumes(i.e.,theheatingvalue Q).
Theflamespeedandheatingvalueofa givenmixturearesupposedtobe
knownfunctionsofthethermodynsmScstateofthemixture.

Quantitativeanalysisofthepressurewavesgeneratedbytheflame
canbe carriedout’s@ilyasfollows(ref.1). Supposethatthemedium
aheadoftheflamefronthasa pressurepl,a temperatureTl,a den-
sity pl,’avelocityUl,anda velocityof sound cl.’me correspon~
quantitiesforthemediumbehindtheflamearedenoted,respectively,by
P& ‘2’ ~2~ ‘2J‘d C2* Theflameitselfis seentobe propagating
inthedirectionofthenegativex-axis(fig.1)witha speed Sa (so
thattheflamespeed St= Sa+ u1). Supposethatthereis a sniillchange
inflamespeedfrom St to St+ 5St snd/ora smallchangein theheating
valueofthemixturefrom Q to Q+ &Q and/ora smallchangeinthe
entropy(ordensity)ofthefreshmixturefr(YMS1 to S1+ 5S1,where
5St ~ Ml
~Q — <<1.

“ - S1 At theflamefront,in ordertomaintainthe

consenationlaws,pressurewavesmustbe generated.i!hesepressurewaves
increasethepressurebediatelyaheadofandbehindtheflamefrontto
PI + ~Pl ad P2+ 5P2jrespectively,thevelocityhmetiatelyaheadof
andbehindtheflsmefrontto U1+ billand ~ + ~~, respectively,and

ast &Q Ml 5p~ 5P2 5U1
soforth.When —

St’ Q
—<<1, then ——, and S1 —, and

P1’rst

arerelated-bythecharacteristic
8U2
— <<1,so thatthe5P’Sandbuts
%
relationsforplanewaves

—..—--- ——. — .—. _—.—
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(1)

(2) u

~ addition,theequationsrepresentingtheconsenationofmass,momentum,
andener~ attheflamefrontcadbe combinedintotwoequationsinvolving
5P1) 5P2Y bul,and 5% whichare ,

,.,

(3)

(4)

(cf.eqs.(16a)and(16b)ofref.1)providedthattermsoftheorderof -.,
thesquare(orhigherpower)oftheMachnumberoftheflsmeareneglected -

% g ~ ~Pl) 5P2 &ll
—, and

ad ‘roficts‘f ~ Q ‘ S1 ‘ ~ ~ St St
we dropped

out . W theseeqyations,‘l> %) %1> ~2y 71,~d 72 are,respec-
tively,thegasconstants,specificheatsat constantpressure,and
specifit-heatsratiosofthe’mediumimmediatelyaheadofandbehindthe
flamefront.I&cmequations(1)to (4)solutionsmaybe obtainedfor 5P1,
5p2, && and 5>Y thw @v@3 thestrengthandsignofthepressure
wavesgeneratedattheflamefront.

Althoughquantitativedetails‘describingtheflowfieldfol.lowing
changesintheflamespeed,heatingvalue,and/orentropyoftheccmbus-
tiblemixturehavebeengivenanddl.scussedtireference1,asyetnothing
concerningthebasicphysicalmechanismresponsibleforthegenerationof
pressurewavesattheflamefronthasappeared.A remarkablepropertyof
eqyation(4) clarifiestherea80n.Itis shownsubsequentlythatthe
effectof chsngesintheflamespeedSt,theheatingvalueQ, snd/or
theentropyS1 canbe accountedforby theeffectresultingfrmnthe ‘1

changeb a singlephysicalvariableu, therat-qofheatreleaseperunit
areaoftheflamefront,providedthat 71= 72;for,ofthefourequations ~

— — -.
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(eqs.(1)to (4))whichdeterminethefourmknowns bpl,‘@@ b%,

5>, thechanges5St, 5Q,and 5S1 occw onlyinthelastequation
(eq.(k)) andyet thesechangescanbe
singlevariableO.

Therateofheatreleaaeperunit

conibinedintothechangeofthe

fl.smearea,by definition,is

5

and

u.)=stqQ

so thattherewill,ingeneral,be a changein
changesin St, plysnd/orQ. Assumingthd
then

& bst bpl+ Q=— +—
a St P1 Q,

(5)

a) wheneverthereare
thesechangesaresmall,

(6)

Now, ~P1/Plisrelatedtothechangeinentropyby theequationofstate

ml ml+ 1 ~pl—=. — ——
PI %1 Y~P~

and Q isrelatedtothechangeoftemperature

Q= ~2T2 - cplTl

(7)

acrosstheflameby

(8)

(providedthattermsoforderofthesquareofMach
areneglected). substitut~:quati,ons(7)and(8)

numberoftheflame
intoequation(6)and

N“p2~2multiplyingtheresultby — - 1 give
C T1PI

Ccmparingequation(9)withtheright-handsideof
onceevidentthatif Y1= 72,equation(4)canbe

equation(4),it isat
simplifiedto

*

—
-—.—..- -- -. .—. .—-—--. .— .— —— —— –.——
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(lo)

Thus, t@l, t)p~,bill, and b>
.

canbe calculatedfromthefourequa-

tions (1)} (a)) (3), md (lo) titead ofequations(1)to (4);further-“
more,itisprovedthatthepressurewavesgeneratedby changesinflame
speed,heatingvslue,anddensityofthecombustiblemixturearereally
causedby a changein therateofheatreleaseattheflamefrontpro-
videdthat Y1= 72. Thephysicalmchanisminvolvedinthegeneration
ofpressurewavesattheflamefrontisnowclesr.A c-e intti
flamespeed,heatingvalue,anddensityofthefreshcodustiblemixture
generallyleadsto a changein therateofheatreleaseattheflamefront.
Whentherateofheatreleaseby theflameis changed,therateofexpan-
sionofthevolumeoftheburnedgasisaltered.Thiscanbestbe seen
by followinga volume(ora lump)ofccunbustiblemixturethroughthe
flame(seefig.2). As farasthefluldparticlesOUtSidethevolme of
gasareconcerned,thefictitiousboundariesoftheyolume(shownby
dashedlinesinfig.2) arenotclifferentfroma solidwallexpandingat
thesamespeedastheboundaries.Consequently,whenthereisa change
intherateofexpansionoftheburnedgas,pressurewavesareproduced.

Thefactthatthenonhomogeneoustermsontheright-handsideof
L

equation(4)canbe nicelycombinedintoa singlephysicalvariablem,
therateofheatreleaseperunitareaoftheflsme(forthecase
71= 72),suggeststhatthewholeanalysismighthavebecomesimplerif

.

m hadbeenintroducedatanearld.erstage.Thismaybe demonstrated
anda betterinsightintotheroleplayedby u maybe acquiredif equa-
tion(10)is deriveddirectlyfromthefirstprinciples.~ sodoing,the
accuracyoftheconclusionsalreadyreachedandthefactorsneglectedmay
be seenmoreclearly.

Usingthenotationsalreadyintroduced(fig.1),considerationof
theconservationofmass,momentum,andenergyattheflamefrontleads
tothethreeequations

‘2(W + ‘a)=

P2 + P*(% + ‘a)2=

U= p2(~ + ‘a)&p2T2+ W)

—— ——
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If theflowconditionsimmediatelyaheadoftheflamefront(indicated
by thesubscript1),aswellas m, ~, ~d CP2,me assumedtobe
given,thethreeequations((U.)to (13)),togetherwiththegaslawand
thedefinitionoftheflamespeed St (sLsoassmnedgi~n)whichare

P2 = P&T2 (14)

st=sa+u~ (15)

canbe usedto solveforthefiveunknownsp2, P2Y T2j u2~~ Sa-
Now,undernormalconditionsthespeedofpropagationofa deflagration
waveismuchsmallerthanthelocalspeedofsound,theratiobeingofthe
order’of10-2 to 10-3..Ifa coordinatesystemis chosensothat U1
isalsosmallcomparedwiththelocalsoundspeed,then,by solvingequa-
tions(lJ_)to (15),it canbe easilyshownthatboth ~ and Sa are
smallcomparedwiththelocalsoundspeed.Hence,eqpations(1.2)and(13)
canbe simplifiedto

Pa = PI (16)

Usingthegaslaw,

a.)=

equation(17)

72

72 - (192%?+

canbe rewrittenas

(17)

(18)

Itisobservedthatequations(18)and(16)donotcontainthevariablesp
and T butonlycontainp and u.

Now,supposethatthereisa suddenchangeintherateofheat
releuefrom o to o + Am,where Am neednotbe spa.11comparedwith
a. Therewillbe correspondingchangesin pl, P2, Ul, >, and Sa

to P1 + 412 P2+ 42) ~ + Ah, .2, ~, ~d sa+ Ma, ~~h.eretie

changesagainneednotbe small.Theconservationlawsmustholdatti
ini3tants;therefore,

~- . .... —- _.. —- __ —..._. . . —-. — .. -.-—--— -— — _—— _——
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Pa+ mp =P~+41

.

72
m+A’— ( )(p +&2 ~+sa )+Au2+ Asa -

72 - 12

71
( )( )P1+41 ‘l+sa+~l+~a

71-1

whichmy be S@~ied ‘0

&2 = 41

h= 7:,41(U2- .J + &(.pl + 41)@u2 - ~J +

\

(19)
72

+-”-)[4.@,+sj+(?, +4,)(’%+Mj
(
72

ifuseismadeofequations(16)and(17).Equation(15)mustalsobe
satisfiedatallinsthnts;therefore,

Lst=Asa+fhq (20)

Substitutethisequationandequation(15) intoeqmtio~ (19)gives

\

._. ——-———— -——
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Itis seenthat,inadditiontothevariables41j 42} AUIJ~d WY
therearetwotypesofnonhomogeneoustermsinequations(21),namely,
AN and &t) unless71= 72)fi‘tichcase‘~ ‘he‘em A ‘fives “
If,now,onlyitiiniteshalchangesareconsidered,equations(21)beccme

bp2= 5p~

which,forthecase 71= 72>caneasilybe reducedto equation(10).,

(b thisconnection,one need only observethat ~ - U1 =

:St(f$+.Stpg-l) and .=stplQ=s@,~*-

Forthecase 71+ 72)itis clear‘~t tie
theflsmefrontcannotallbe attributedto
releaaeat theflamefront.

~ 71= 72,equations(21)become

7 41U2&D=— ( )
7-ul+—

7-1 7“ (~ PI

pressurewaves
changesin the

generatedat
rateofheat

wherethesubscriptson 7 havebeendeleted.In derivingtheseequa-
tionsit isassumedonlythattheMachnumberof theflameis sosmall
thatthesquareandhigherpowersofMachnmnbercanbe neglectedandit
isnotassmedthattheincrements41, 42, ~, and AU2 aresmall..

Thesefiniteincrementsareproducedby shockwavespropagatingintothe
burnedandunburnedmixture.Now,acrossa shockwave,theAp’sandAu’s
arerelatedby

.
.._. ._. _ ___ ____ —— .—_ -. —
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, 41

(23) “

.

(24)

insteadof equations(1)and(2). Equations(22)to (24)are-t@nused
to calculate41, @2, Aul,~d % ~ te~ of ~= ~~~

(25)

fromwhichonecancalculateAPI intermsof h. Thefirstte~ on
-2

therightsideoftheequationisactuallysmallcomparedwiththesec-
ondtemnsinceit isoftheorderoftheMachnumberoftheflame.A

setof curvesof ‘~ versus~ for ~ = 1.5, 2.0,2.5,=d 3.op~cl
and 7 = 1.4 (fig.–3). Itis seenfromeqution(25)thatthe
strengthoftheshockwave(measuredintermsofthepressureratioacross
theshock-wave) generatedat a flamefrontasa resultofa lsrgechange
in therateofheatreleaseattheflamefrentisproportionaltothetwo-

tbirdspowerofthenondimensionalheat-releaseparameter
b

1/2~1 + C2)P1”t
Infact,

41

– ‘ [%w&%j2’3PI

Thisconclusionisanalogousto
ofref.5).

thatpresentedinreference5 (seeeq.(40) z

.

— ——- ——- —. _ —. ——-— .
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Togetherwith
contactsurfaceis
changesabruptly.

thegenerationof shockwavesat
producedattheinstantwhenthe

I-1

theflamefront,a
rateofheatrelease

Thetemperaturejumpacrossthecontactsurfacecan
be readilydeterminedfromthecontinuityequationafter~ isknown.

Formall changesin m thefollowingequdionthenapplies:

ml .y.l&
PI

(26)—= C1+C25

UsingthetechniqueofFriedrichs(ref.6)andeqwtions(19), me can
alsocalculatethebehavioroftheshockwavegeneratedbyan accelerating
flsme,providedthatthescatteringofthepressurewavesby thecontin-
uousvariationintheentropyofthemediumbehindtheflsmefrontcanbe
ignored.

~ o~ wishesto examinethe individualeffectof changesinflame
speed,heatingvalue,anddensityofthefreshgas,itis onlynecessary
to calculate& intermsof Nt, L& and Apl. Makinguseofequa-

~Pltion‘(5)andassmingthat —
( )

~, ~, ~d % ‘butnot ~ << 1,
PI ‘ PI c1

equations(19) become
5P2 ~Pl—=—
P2 PI

whichshouldreplaceequations(lh ) and(lkb) ofreference1 wherea
misprintinthederivationoftheequationshasresultedina fewmore
term thanaregivenhere. (Fortunately,resultsofref.1 arenot
affectedby theerrorsindicatedhere.)

FIAMEANDHEATER

Sincethepressurewavesgeneratedat a flamefrontcanallbe
attributedtoa changeintherateofheatreleaseattheflamefront

—.— —. —. ..— — —. ——.. — . . . .



—

.

I-2 NACATN 3683

( )a.sstiw 71= 72 y itisnaturalto askunderwhatconditionsa flame 1
canbe considereda heater.

To determinetheseconditionsconsidera planeheatingelement “
releasingheatatthesamerate 0 asa givenflame(i.e.,thatgiven
by eq.(5))andmovingwitha givenspeedSa inthedirectionofthe
negativex-axis.Ifthepressure,temperature,density,andvelocity
of theflowimmediatelyaheadofandbehindtheheatingelementme
dsno~dbY P1~ P2~ T1~ ~Y P1~ P2j Ulyad ~~ respective~~md
if it isasswd thattheheatingelementhasthepropertyof clmnging
thegasconstantandspecificheatat constantpressureofthegasit
heatedfrom R1 and ~ to R2 and ~ , respectively,thenthe

1
equationsof continuity,mmnentum,andene&ywhichapplyattheheater
areexactlythesameasthosewhichapplyattheflamefront,thatis,
equations(IL)to (13).Thechiefdifferencebetweena flameanda
heaterMes inthefactthat,fora flame,Sa (seeeqs.(Il.)to (13))
isnotknownandisrelatedtothefhme speedSt by equation(15),
whereaa,fora heater,Sa Isassmd tobe given.Of course,ifthe
heatershouldmovein sucha mannerthatequation(15) isslwayssatis-
fied(evenif U1 isnotconstantwithtime),thenthereis absolutelyno
differencebetweena flameanda heater.

~.
However,theperformanceof such

a heateris innowayeasiertovisualizethantheperformanceofthe
flsmeitse~whentheflowfieldisnotuniform.If,on theotherhand, -7

theheatershouldmovein someotherway,theperformanceoftheheater
andtheflsmewillno longerbe thessme.Theproblemisthento deter-
minetheextenttowhichthisclifferencebetweentheflameandheateris
important.

Thisproblemcanbe approachedby comparingthe“dynamicbehavior”lof
a givenfl~ ~th thatOfa heaterreleasingheatata rateequaltothe
rateofheatreleaseoftheflsme.Theflowfieldsaheadofandbehindthe
heaterarethereforeidenticalwiththoseoftheflame.Now,supposethat
thereis a changeintherateofheatreleaseattheflame;themotionof
theflamewillchangein sucha mannerthateqwtion(15)remainsvalid.
On theotherhand,however,forthesamechangeintherateofheatrelease
attheheater,themotionoftheheatermayassumeanyspeedonedesires.
Sincealltheequationsrepresentingtheconservationlawsappliedat the
heaterandthefl~e areidenticalinform,equations(I-6)to (19)apply
equallyto theflameastotheheater.Whentherateofheatreleaseat
theheateris suddenlychangedfrom m to u + b, pressurewavesmustbe

%y thedynamicbehaviorofa flame(ora heater)ismeantthepres-
sureandvelocity(butnottemperatureanddensity)fieldsproducedby the ‘
flame(orheater)asa resultofa changeintherateofheatreleaseat
theflsme(orheater). ~?

,
— ——. ——— -.__ —__ ________._ .._ ..__
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generatedattheheaterin sucha waythatequations(19)aresatisfied.
Intheseequations,Sa and ASa areknown;theirvaluesdependonthe
typeofmotionassumedfortheheater.~ thecaseoftheflame,however,
pressurewavesmustbe generatedattheflameinsucha waythatequa-
tions(21)aresatisfied.Thestrengthofthepressurewavesgenerated
by theheaterandtheflamearetherefore,ingeneral,different.However,
it is observedthatif 71= 72,equations(19)becomeidenticalwith

equations(21). Asa result,exactlythesameconditionsareimposedon
thepressurewavesgeneratedattheheaterasata flamefrent.Further-
more,theseconditionsareindependentofthemotionoftheheaterafter
thechangeinrateofheatreleasebastakenplace,sincetheterm CSa
dropsoutaltogetherfromtheequations.Consequently,it canhe concluded
thatthedynamicbehaviorofa flsmeis identicalwiththatofa heating
elementreleasingheatatthesamerateastheflsmeatallinstantsif
(1)theflsmepropagateswitha speedsmallin comparisonwiththelocal
soundspeed,(2)thereisa currentofflowthroughtheheatersothatthe
relativevelocitybetweenthefldwandtheheateris justequalto the
flsmespeed,and(3) 71= 72.2

Fromthisanalysisonecannothelpbutfeelintuitivelythat,asfsr
as thegenerationofpressurewavesis concerned,a flsmebebavesessen-
tiallylikea heater.Ifsuchintuitionis correct,one~ evenatteqt
toanalyzeone-dimemionsllycertainproblemswhichdonotappeartobe
one-dimensionalatfirstsight.Thus,cowiderthepropagationofa flame
ina tube. Itisfoundthat,ingeneral,theflamefrontassumesa curved
shape.Infact,thismusthe sobecauseofthequenchingsndcoo~ng
effectsnesrthewall. Afterthemixtureisignited,theflamewin at
firstpropsgatedownthetubewitha urdformvelocity. It tkn startsto
oscillatewithincreasingamplitude.As theflameoscillatesitsshape
alsochanges,becomingalternativelyfullerandflatter(seeref.7).
Sucha problemcanbe treatedwitha one-dimensionalmodelif theflame
isconsidereda heaterandif thetubeislongin comparisonwithits
diameter.Thus,if St, ~, pl,and Q are,respectively,theflame
speed,flamearea,density,andheatingvalueofthecombustiblemixture,
thentherateofheatreleaseby theflameis A#tPIQ. Iftheflameis
replacedby a planeheaterandif A isthecross-sectionalareaofthe
tube,thentheaversgerateofheatreleaseperunitareaoftheplane

‘lha prepublicationreviewofreference5 fortheNACA,Dr.Harold
MirelsoftheLewisLaboratory,NACA,independentlyarrivedat.dmostthe
saneconclusion.He showedby ratherintuitivereasoningthata flame
anda heaterareequivalentunderconditions(1)and(3)givenhere. How-
ever,inacttity, condition(2)cannotbe omittedinestablishingthe
-c eq~v~enceofthetwosincethecoefficient~ - Ul in equa-( )
tiOIlf3(19) and(21)IIlllSthve the SSZIEVS.he.

—-—————--—— -——.-——.—. .- — -.—-———. ——_ ___
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(29) .

Iftherateofheatreleaseoftheheatercanbe adjustedsothatequa-
tion(29)is satisfiedatallinstants,thepressureandvelocityfields
generatedby theflamemsyperhapsbe reproduced.Furthermore,it also
becomesapparentfromequation(29)howtheobservedoscil.lationmusthave
“beeninduced.A dynamicsystemwillonlystartto oscillatewith
increasingamplitudeeitherwhenit is stijectedto repeatedexternal
excitationsappliedat somecharacteristicfrequenciesorwhenthesystem
itselfcontaipsanenergysourcewhichinteractswiththeoscillationin
sucha mannerasto reinforcethevibration.Thefirstphenomenonis
UEual.lyreferredtoasresonmce;thesecond)asi~tabi~ty. cle~ly~
theexamplecitedisa caseofinstabilityandtheener~ sourceisthe
flemeitse~. ~one whohasobserveda flamecarefullyisusuallystrpck
by theremarkablesensitivityoftheflameconfigurationtoflowdistur-
bances.Now,iftherearesomedisturbancesintheflow,theywilleasily
causea changeinflsmeconfigurationand,ingeneral.,an accompanying
changeintheflamearea ~. When & changes,therateofheatrelease
by theflsme(ortheequivalentheater,cf.eq.(29))is also changed.

.

Thisproducespressurewaveswhichunderpropercircumstanceswillrein-
forcetheinitialdisturbance.Inthismannertheflamewill.oscillate
withincreasingsmplitudeasitpropagatesdownthetube. Itisbelieved
thatthesamemechanismisresponsiblefortheself-excitationofvibration
ofpracticallyallsystemscontaininga flamefront(excludingdiffusive
flames).

Withtheone-dimensionalmodeljustmentioned,thepressurewaves
generatedattheflsmefrontas a resultofa changeintheflameareacan
easilybe calculated.ThuE,itis seenfromequation(29)that

(30)

Substitutionof
strengthofthe

Anearld.er
areawas
boundary

equation(30)intoeqyations(25)and(26)givesthe
pressurewavesgenerated.

attemptat studyingtheeffectsof changesintheflame
madeby Blackshear(ref.8). Inthenotationusedherein,the
conditionsattheflsme(giveninref.8) are

5P2 ()- bP1= 0M12 (31a) -

.— —.___—__ ————.————. . _ —— _—
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(31b)

‘tLwhereMl = —. Thefirstequationisequivalenttoequation(3). If
c1

equation(~) is substitutedintoequation(10),thesecondboundary
conditionattheflsmeisobtslnedas

&L2-5U,=+$-+)(%-2) (31C)

whichcontainsonemore tend thanequation(31b).However,this additional
temn is of theorderof Ml (seeeq.(1))and,hence,isunimportantif

Ml<< 1.

Itshouldbe addedherethatboundaryconditions(31a)and(31c)are
notsufficientto solvesucha problemastheinstabilityinducedby the
flame.Theansweris stillneededto the~orts.ntquestionofhowthe
changeoftheflsmearea ?5Afshouldva$ywiththefluctuationsinthe
flow. Thesnswer,in general.,wiLLdependuponthesystemconsideredand
mustbe analyzedforeachindividualcase. Itis thisdependencewhich
introducesa timelagin theresponseofa flsmefronttoflowdisturbances
inmanysystemswherethemainfeedbackmechanismresponsiblefortheself- ‘
excitedoscillationsisknowntobe duetothefluctuationinflsmearea
withflowdisturbances.

RECAPITULATIONANDDISCUSSION

Thepresentanalysisprovidesstrongindicationsthattheprincipal
physicalcauseoftheproductionofpressurewavesata flamefrontisthe
changeintherateofheatreleasedby theflame.Thischangeintherate
ofheatreleasecouldbe inducedby a changeintheflamearea(accompa-
-W w changeinflameconfiguration)and/ora changeintheflame
speeds.nd/ora changeinthedensityoftheunburnedmedium.

It isprovedthatthepresswewavesgeneratedatplaneflamefronts
of zerothicknesssxeallduetothechangeintherateofheatreleaseat
theflamefrontwhenthespecific-heatratios7 oftheburnedand
unburnedgasesarethesame.Theexactconditionsoftheequivalenceofa
planeflsmefrontanda heaterhavebeenstatedpreviously.Theassumption
ofa flamefrontof zerothicknessnecessarilyimpLLesan instantaneous

——. . . . .—
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responseoftheflamechemistrytopressuredisturbancesor otherchanges.
(Seefootnote,p. 604,ref.l.) Theassumptionsofa planeflamefront A
andone-dimensionaldisturbanceseliminatethetimelagintheresponseof
theflameto changesinflowconditions.

b practice,theflsmefrontisneverexactlyplane;neithersrethe
flowdisturbancesonedimensional.U to suchlackof onetiensio@L.
itythetotalrateofheatreleaseby a flamedoesnotvarywithchanges
inflowconditionsinstantaneously.This,orwhateverot~r causesintro-
ducea timelagintheresponseoftheflametoflowdisturbances,hasan
importantbearinginthestudyofthese~-excitedoscillationsina sys-
temcontafina heatsource.However,ifthemechanismofproductionof
pressurewavessuggestedby thisanalysisistrue,theflsmewillstill
be similarto a heaterintheproductionofpressurewavesiftherateof
heatreleaseby theheaterlsgsbehindtheflowCListurbancesinexactly
Ii3essmemanneias that oftheflame.

JohnsHopkinsUniversity,
I!alttiore,Md.,October1,1954.
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